Abstract: Randomized controlled trials have been the mainstay of high-level evidence for or against cancer screening strategies. However, simple proof of reduction in cause-specific mortality is not enough for policymaking, particularly in the last 10 years. Today's clinical and public health guidelines take into account the balance of risks to benefits from screening, costs, utilities, the political risk of inaction, the societal tolerance to risk, healthcare providers' preferences, client choices, and other imponderables or subjective variables that cannot be captured or addressed via epidemiologic studies. This commentary uses the above perspective in discussing Miettinen's arguments concerning the science of breast cancer screening.
1 Introduction: ranking evidence and the paradigm of cervical cancer screening
In the totem pole of medical and public health decision-making, randomized controlled trials (RCT) represent the carvings that are closest to the top, above all other study designs and lines of evidence. The US National Cancer Institute's respected Physician Data Query (known more commonly by its acronym PDQ) program ranks in descending order of strength: (1) evidence obtained from RCTs; (2) evidence obtained from nonrandomized controlled trials; (3) evidence obtained from cohort or case-control studies; (4) evidence from ecologic and descriptive studies; and (5) opinions of respected authorities based on clinical experience, descriptive studies, or reports of expert committees (http://www.cancer.gov/publica tions/pdq/levels-evidence/screening-prevention, Franco et al. 2002) . In one form or another, the same ranking is observed by health technology agencies anywhere in the world. In the absence of RCTs, cancer screening policy must rely only on observational studies (i.e., #2 or #3 above) or ecologic-level evidence (i.e., #4), and, if expert panels have mulled over the findings from these lines of inquiry, it may also be able to rely on level-5 evidence. For instance, policymaking on cervical cancer screening has never relied on RCTs or even nonrandomized trials; not a single trial was ever conducted on the value of Papanicolaou (Pap) cytology in reducing cervical cancer mortality.
1 There is plentiful evidence from case-control and cohort studies, as well as from ecologic within-country and between-country comparisons of cervical cancer mortality contrasting screening with no screening (Franco et al. 2002) . Policy recommendations and professional guidelines everywhere are unequivocal; Pap testing and its consequent diagnostic and treatment actions represent a valuable cancer prevention activity. 2 The science on cervical cancer prevention has been an embarrassment of riches. The uterine cervix is easily accessible and observable without invasive procedures. Screening tests rely on a simple and safe exfoliation of the endo-and ecto-cervical epithelium; one needs no x-ray-based imaging. 3 The precancerous stages of cervical cancer are easily identifiable and measurable with reasonable precision 4 and risks of progression and regression are well-known (Kim et al. 2007 ).
Sovereignty of randomized controlled trials
History was not as kind and policy decisions were not as easy with screening for cancers in anatomical sites other than the uterine cervix. There is no shortage of RCTs of screening for cancers of the breast, lung, prostate, and of the colon (and rectum). Even for cancers that can be detected at the pre-invasive stage, such as colorectal cancer, estimates of benefit have been difficult to estimate and seem to be dependent on the screening technology (Ransohoff 2009 ). Yet, policy discussions on screening for colorectal cancer are akin to a Gregorian chant when compared to the cacophony of the debates on prostate, breast and lung cancer screening. 5 Miettinen's confessed disillusion with how science has informed (or according to him "misinformed") the cancer screening debate (Miettinen this issue) is long-standing. Just over 20 years ago, as the senior epidemiologist in the then nascent "Early Lung Cancer Action Project" (ELCAP) he had outlined his "proposed paradigm for requisite research" based on a critique of the RCT as an inappropriate design to assess the change in case-fatality afforded by the clinical intervention (Henschke 1994) . His point then and subsequently (Miettinen 2000 , Miettinen et al. 2002 was that the study should be concerned with measuring the reduction in disease-specific mortality on those with disease detected by screening and subsequently treated by one or more clinical interventions, which could be compared directly as part of the study. He also insisted that assessment of screening benefit be focused on a time period that is relevant to the disease's natural history and that it captured the effects from the repeated rounds of screening and treatment in the protocol under study. The time period should begin after all prevalent lesions are detected and managed and should continue long enough to permit the full clinical course of all lesions that would have progressed to a lethal conclusion for the patient had she/he not benefitted from having the disease discovered and treated as per the screening protocol. Hanley, a McGill colleague of Miettinen, 6 formally reviewed the critical importance of this time window (Hanley 2011 ). Miettinen's expressed disappointment with the timidity of policy recommendations stem mostly from the tyrannical 7 superiority of RCTs relative to all other study designs. Swimming against the current has surely frustrated him. It is hard to argue against the need for RCTs for medical or public health interventions in which the therapeutic or preventive maneuver is associated with the subjects' (or patients') or their physicians' preferences. 8 Miettinen himself has argued on that basis (Miettinen 1983 ). What he must acknowledge, however, is that his squeaky-clean ideation of what a study design should be to fit the object of the research is never feasible in practice. I believe most trialists would find comfort in the clarity of the formulae he proposes as the underpinnings for what trials should be measuring. In practice, however, life for cancer screening trialists is messy. Screening interventions cannot be blinded, either singly or doubly. In most of the Western world, it is ethically untenable to conduct a placebo-controlled RCT for any given cancer screening intervention. Physicians have clear preferences for their patients. Clinical guidelines and professional best practices advocate for specific forms of cancer screening as part of periodic health examinations in many countries. 9 We have hammered on with the mantra of "early detection saves lives" for much too long; screening study participants may have a clear preference for which arm they want to be assigned. Today's ethical conduct requires disclosure of anticipated benefits and harms before a subject is enrolled. Those that have a clear preference may not accept to participate or may wait to see to which arm they are randomized and eventually decide whether to complement the assigned regimen with visits to their doctors to get the same benefits of the study arm in which they hoped to have been assigned. Lack of subject blinding also leads to quantitative and qualitative differences in dropout rates between study arms. Subjects who perceive being vulnerable because of their trial assignment may eschew returning to follow-up visits, especially if they found the means to be screened outside of the trial. General practitioners or primary care providers, the gatekeepers of subject enrolment in many cancer screening trials, are also not blinded and may confide their preferences to patients, further aggravating the imbalance between arms. Last, but not least, randomization, the sacred design feature that is intended to bring balance between arms regarding confounders and prognostic factors, may fail to be properly followed, whether by trial participants, their care providers, or even by study personnel. In North America, policy or clinical guideline decisions concerning prostate cancer screening have relied on findings from the US National Cancer Institute's Prostate, Lung, Colorectal, and Ovarian Cancer Screening (PLCO) trial, which did not find a benefit even after long-term follow-up (Andriole 2012) , whereas the European Randomised Study of Screening for Prostate Cancer (ERSPC) observed a clear mortality reduction that was sustained after 13 years (Schröder 2014) . The PLCO trial was conceived in the early 1990's soon after the wave of enthusiasm brought by the belief that prostate-specific antigen (PSA) screening could save the lives of men with prostate cancer. In consequence, the PLCO did not have the ideal counterfactual for a control group. There was a high level of screening by PSA testing and digital rectal examination in the control arm and suboptimal compliance with screening in the intervention arm. Both of these conditions severely blunted the trial's ability to discriminate between arms. The ERSPC trial, being conducted in European populations that enjoy universal and mostly centralized 8 Confounding by indication is the kiss of death to the validity of any epidemiologic study of the clinical utility or public health value of an intervention because the information that would have informed the indication is rarely collected properly (or at all) and thus it cannot be credibly controlled for in the analysis. Even if it could be controlled properly, the resistance against observational studies by health technology panels is sufficient to make a valid finding be entirely dismissed or graded weakly relative to those from RCTs, however flawed they may be. 9 In the US, the extreme example of adherence to clinical guidelines, protection from malpractice litigation is an imperative for clinicians. For a clinician to accept to enroll patients in a clinical trial he/she will need to believe that there is equipoise between the screening regimens being compared (or of the screening regimen against none). If clinical guidelines exist, the clinician cannot ethically claim equipoise and thus his/her participation is in shaky grounds in addition to bringing legal vulnerability to his/her practice. This situation also applies to physicians in other countries without centralized health care systems, albeit with less punitive legal implications. health care systems, did not suffer from these protocol deviations and thus, the measure of screening benefit (Schröder 2014) was not blurred to the point of disappearance as happened in the PLCO trial (Andriole 2012) .
3 Cause-specific mortality: an inadequate outcome?
If the foregoing was not complicated enough, cancer screening trialists must also contend with issues in defining endpoints. For a long time it was felt that death, the ultimate endpoint, was unassailable as an outcome. Incidence of a cancer precursor, stage shift, cancer incidence, and survival benefit were all considered surrogate endpoints prone to biases or errors in measurement. In the past 15 years, however, some trials that relied on independent ascertainment of mortality data 10 were shown to be affected by biased adjudication of conditions leading to death among participants. If the participant dies from a condition that is totally unrelated to the screening or treatment process or from the disease following its clinical course that death will not be assigned as cause-specific and the participant's person-time already contributed to the study becomes censored at the time of death. This decision is critical because death can come as a direct consequence from the cancer being targeted by screening, from harm caused by the screening procedure, 11 or by an early and unintended result from cancer treatment, 12 all of which must be assigned as cause-specific deaths. Thus, the need to distinguish the screening-induced effects (hopefully beneficial) from harm caused by overdetection, overdiagnosis, and overtreatment dictated that each death in a screening study be properly adjudicated as to whether it is disease-or treatment-related. 13 If not, oddly named biases, such as sticky-diagnosis and slipperylinkage, may ensue and invalidate the results (Black 2002) . The obvious corollary is that expert personnel tasked with adjudication of the causes of death be completely blinded to the study arm. However, for the sake of conservatism, a more fail-proof design feature was introduced, i.e., the recommendation that trials of screening attempt to demonstrate an impact on all-cause mortality (Black 2002; Saquib 2015) . Although it eliminates the hand-wringing that comes from interpreting and defending decisions concerning death attribution, the use of all-cause mortality as endpoint brings the need for trials to be much larger (and thus more expensive) to be able to detect what would be arguably smaller reductions (or increases) in mortality as a consequence of the net effect of screening.
Pragmatism trumps idealism
Life in the trenches of RCTs of cancer screening is arduous and lonely. The critics are many, judging from the ever-growing category of systematic reviews among papers appearing in medical journals. Miettinen does recognize the tribulations suffered by trialists (Miettinen this issue), by examining their dilemma. His clarity of logic 14 in proposing the ideal scenario:
"one might first contemplate the theoretically ideal trial: Suitably-informed volunteers from the domain of the study (of freedom from the cancer's clinical manifestations, etc.) would be enrolled to application of the diagnostic protocol, and those diagnosed with the cancer (preclinically) -with a genuine, not overdiagnosed case of it -would be randomly assigned to the defined early (undelayed) treatment or to its late (overt-stage) alternative."
Comes with an admission that this proposal is untenable in "But the actual conduct of such a trial would be marred by (unavoidable) overdiagnoses, and the feasibility of its execution (with whatever flaws in the assurance of validity) would be negated by ethical considerations if not by unavailability of volunteers."
Trialists have merely executed the best research that money could buy based on era-specific standards of study design and ethical boundaries. Miettinen has few (but sharp) criticisms for those involved with systematic reviews, meta-analyses, and policy decisions. I agree with him that review panels tasked with these activities frequently lack sufficient expertise in substantive (disease) and methodologic (e.g., epidemiologic) areas. On the other hand, he (and I) should not be surprised that syntheses and decisions that stem from these panels take into account more than the epidemiologic principles that he has developed and taught to so many in public health, directly or indirectly (Franco et al. 2014) .
His utopian logic has no place in policy decisions, which take into account the balance of risks to benefits from screening, costs, utilities, the political risk of inaction, the societal tolerance to risk, healthcare providers' preferences, patient choices, and other imponderables or subjective variables. The Swiss report that was the focus of Miettinen's commentary (Miettinen this issue) cannot be faulted for lack of clarity and sincerity of purpose (Biller-Andorno and Jüni 2014). Much like the Swiss coolheaded neutrality that dictated their country's destiny in critical moments in history, their choice with breast cancer screening is a resolute interpretation of the evidence base reconciled with their perception that women should be better informed about the risk-benefit balance (Biller-Andorno and Jüni 2014). The financial requirements of RCTs of cancer screening are larger by a factor of 10-100 relative to those of observational studies. A typical trial with 20,000 participants will cost $10M. Granting agencies usually combine intramural and extramural resources to be able to fund such trials. The ability to run trials across multiple centres and countries helps disperse costs to more funding agencies than those linked to the principal investigator but undeniably, they represent very costly research activities. Since it began in the 1960s, the pursuit of RCT research on the value of cancer screening has likely passed the one or two billion-dollar mark. Yet, not even one of the RCTs for screening, irrespective of anatomical site of cancer, can be deemed as a paradigm; they are all more or less flawed in conduct or in interpretation (or in both).
Future research on screening would be more cost-effective if RCTs focused on understanding the value (and harms) from screening in specific population subsets defined by risk stratification. This would decrease costs because of reduced sample size requirements, while increasing efficiency by focusing on the segment of the population with greater clinical risk. 15 Finally, it would help also if the cancer control community used more of the knowledge base than simply the upper carvings of the totem pole. Many useful insights can be had from non-randomized investigations or pooled analyses of individual level records from these studies. It is easy to dismiss non-RCTs to simplify the task of evidence review. RCTs can be collapsed and fitted neatly into summary tables. Case-control, cohort, and other studies are each one-of-a-kind research investigations that require from the evidence reviewer an individualized interpretation and more attention to the gems and perils that lurk beneath the surface. As I have argued, and Miettinen would agree, we need a more eclectic approach to assessing the evidence for or against cancer prevention and control strategies (Franco 2012 ).
